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where p(a.~), ~(~.~), vi(~,~), v~a,~) are respectively the pressures, viscosities, and velocity components in phases 1 and 2, a is the surface tension, R~ and R~ are the principal radii of curvature of the surface, ni(i = 1, 2, 3) are the components of the unit vector normal to the surface and directed into the interior of phase 1, and summation over a repeated index (k = 1, 2, 3) is assumed.
In describing systems containing surface-actlve substances, the righthand side of Equation 1 is sometimes provided with a term where61, is the Kronecker symbol, vk~"~(k = 1, 2, 3) are the components of the surface motion velocity, and ~, is a phenomenolog[cal constant, usually called the surface viscosity (2, 3) . Equation 2 accounts for energy dissipation 293 www.annualreviews.org/aronline Annual Reviews in the surface layer due to irreversible processes occurring there (such as, for example, those accompanying the viscous motion of adsorbed particles on the surface). It should be pointed out, however, that the quantity #c annot be determined directly from experimental data, because experiment always gives the total characteristics of the processes for the volume and surface phases simultaneously. One can evaluate #~ only after choosing a definite physical model of the surface layer; then the results of calculation, based on the model accepted, must be compared with the experimental data. In particular, a calculation carried out for drops moving at small Reynolds number in liquids containing soluble surface-active substances (4) shows that the dissipation of energy due to viscous motion in the adsorption monolayer is negligibly small compared with the energy dissipation in the volume phase. The quantity may reach rather great values only for insoluble surface films (5) . But in the latter case Equation 2 retains only a formal similarity with the momentum flux carried by surface viscosity, and the true physical meaning of the coefficient/~ is that it characterizes the dynamical elasticity of the insoluble surface film (4) . Since the elastic properties of the film are described by the gradient of surface tension in Equation 1 , in what follows we shall not consider effects connected with viscous dissipation in the surface layer.
Taking the projections of the vector Equation 1 in the directions normal and tangential to the interphase boundary, we obtain, correspondingly, the two scalar conditions where ~ designates the direction tangential to the interface. It is quite evident that if the terms depending on surface tension in Equations 3 and 4 are not small compared with the other terms, surface tension will in an essential way affect the velocity distribution in each of the phases. Since ~ depends only upon the surface concentration of the substances adsorbed on the phase boundary (and also upon the temperature) we need to know the concentration and temperature distribution on the interphase surface in order to solve the hydrodynamical problem. These distributions are in turn determined by solutions of the equations of convective diffusion and convective heat conduction, with appropriate boundary conditions characterizing the mass and energy balances in the surface layer.
Thus, by virtue of surface tension it appears that the hydrodynamlcal regimes in a system with mobile interface depend on the heat and mass transfer processes occurring in the system. There is rather a large domain of phenomena in physics and physicM chemistry where the interaction between momentum, heat, and mass transfer processes plays an essential role. Many of these phenomena have been investigated in detail experimentally and are now widely used in practice. On the other hand, a satisfactory theory of such www.annualreviews.org/aronline Annual Reviews phenomena has been constructed only for some of the simplest cases, because of the overwhelming complexity of problems requiring simultaneous solution of the equations of heat and mass transfer as well as the hydrodynamical ones. We shall present here a rather detailed survey of the modern theory of capillary phenomena, and also discuss some practically important but so far unsolved problems belonging to this part of physicochemical hydrodynamics.
Surface waves.--The wavy motion of phase boundaries of liquid-gas and liquid-liquid type represents one of the most important cases where capillary forces are displayed. If the liquid particles occupying the surface suffer an infinitesimally small displacement as a result of random disturbances, accompanied by deformation of the liquid surface from its equilibrium form, then two types of forces arise, both tending to return the surface to the equilibrium state. First, the increase of free energy due to deformation leads to capillary forces that tend to diminish the total liquid surface and return it to the equilibrium form. Second, liquid particles displaced from the equilibrium position tend to return there under the influence of gravitational forces. The process of establishing equilibrium must include a wave-formation stage, which occurs because of the existence of inertial effects. The time during which waves exist on the liquid surface, as well as the parameters of these waves, are determined by the nature of the disturbance and the liquid properties.
From the boundary conditions of Equations 3 and 4 it follows that surface tension will affect only short enough wavelengths. In fact, the evaluation of terms entering the boundary condition of Equation 3 shows that surface tension dominates the process of formation of waves whose wavelength X satisfies the inequality ), <<(~/pg)l/2, where g is the acceleration of gravity. It is customary to call these capillary waves. Waves arising under the influence of solely gravitational forces (so-called gravity waves), satisfy the inverse inequality: X>>(~r/pg) 11~. Under some conditions, discussed below. small disturbances of the liquid surface may not only remain undamped, but may even increase without limit in the course of time, leading in this way to so-called absolutely unstable regimes of flow (1) . The nature of the wave-like motion depends essentially upon the relation between the wavelength and the thickness h of the liquid layer. According to this relation, one distinguishes between surface waves (~ <<h) and tides (~>>h). There is need to report here in full detail the theory of wave motion, which is well enough developed nowadays (especially in the case of surface waves) and reviewed in numerous monographs [see, for example, (6) (7) (8) ].
We intend to discuss only a few aspects of this theory, which are the most important from the practical point of view.
Damping of waves by surface-active substances.--Surface-active substances, while adsorbing on the wave-like liquid surface, are distributed inhomogeneously in accordance with the hydrodynamic conditions. Since surface tension varies with the surface concentration I~ of the adsorbed substance, this inhomogeneity in the distribution of I' leads to a gradient of surface tension, and hence the boundary condition of Equation 4 is changed as compared with the case of a clean surface. The distribution F(r) may found from the condition of material balance for the surface-active substance on the phase boundary. If there are no surface chemical reactions present, this condition takes the form:
where t is the time, D, the surface diffusion coefficient, andj~ the flux of the substance from the interior onto the surface. The particular form of jn depends upon the mechanism of delivery of surface-active substance to the phase boundary and its effect on the bulk of the solution. Such a mechanism may be either the adsorption-desorption process or the convective diffusion process. For a fully insoluble surface-active substance we havej~= 0. Having solved the system of Navier-Stokes equations under the boundary conditions of Equations 3-5 one arrives at the following basic results (9) .
(a) The presence of a layer of insoluble surface-active substance on the liquid surface may lead to strong damping of the capillary (i.e., short enough) waves. The decrement fl for such a damping depends, first, on the elastic properties of the surface layer, which are determined by the effective elasticity coefficient e= ]0~/OI'] I~0, where I'0 is the concentration of surface-active substance on the undistorted surface. With increasing 1~0 the value of e increases monotonically from zero to a limiting value elim =~r, which corresponds to complete coverage of the adsorbed monolayer. For e<<g the decrement f or capillary waves practically coincides with the value/~0 corresponding to pure liquid. For ~--~ the decrement /~ exceeds fl0 several times, does not depend on surface-layer properties, and is determined only by the wavelength, the surface tension, and the liquid viscosity. In the last case the surface layer behaves as an incompressible thin membrane which only flexes in a distorted condition but does not compress at the foot of a wave and does not stretch at the crest. At intermediate values of ~ the decrement fl passes through a maximum. According to available experimental data (10, 11) the maximum value/3m~ may exceed the limiting value/~lim (at e = eiim = ~) 1.5 2 times for some insoluble surface-active substances. The presence of maxima is connected with a sharp decrease of the amplitude of the tangential motion of the surface in a comparatively narrow interval of coverages.
Insoluble surface-active substances exert an essential effect also upon gravity waves, if their length does not exceed approximately 10 cm. For such waves, the ratio of the decrement in the presence of a surface film to that in the absence of such a film constitutes a quantity with the order of magnitude (fl/~0)"~(g~/v~)~l~> 1, where u is the kinematic fluid viscosity. Gravity waves with wavelength ~_> 10 cm are the only ones on which insoluble surface-active substances produce no noticeable effect.
(b) If the surface-active substance is soluble in liquid then the effective elasticity coefficient ~ of the adsorption layer is less than the corresponding elasticity coefficient ~ 6f an insoluble film, and there exists the following www.annualreviews.org/aronline Annual Reviews relation between these two coefficients: 297 where Co is the bulk concentration of the surface-active substance in the solution, ~00 the frequency of the waves, D the diffusion coefficient, R the gas constant, T the absolute temperature, and f, the chemical potential of substance in the adsorption layer. From Equation 6 it follows that the damping effect of soluble surface-active substances decreases (as compared with the corresponding effect of insoluble substances) with increasing solubility (the latter being proportional to the equilibrium volume concentration co) ; it decreases also as the wave frequency is decreased. Thus, the diminishing of the damping effect of surface-active substances due to their solubility first of all affects the long waves. The capillary waves may be damped even by highly soluble surface-active substances. With increasing bulk concentration of the soluble surface-active substance the decrement passes through a maximum as in the case of insoluble substances (11) .
The decay of cylindrical jets.--The problem of the decay of liquid or gas jets that are injected into a liquid or gaseous medium is one of the most important ones in capillary hydrodynamics. This problem naturally arises when we investigate a number of industrial processes (emulsification, polymer fiber solidification, fuel injection in internal combustion engines, etc.). The first theoretical studies on jet decay caused by capillary forces were carried out by . Rayleigh showed that the amplitude waves arising on a jet surface subjected to infinitesimally small random disturbances (which are caused for example by roughness of a nozzle surface, or by jet friction with the viscous exterior medium) will become infinitely large in the course of time if the wavelength exceeds the perimeter of the jet cross-section. Under this condition there exists one wave (with wavelength approximately nine times as large as the jet radius) that grows most rapidly as compared with other existing waves; it is this wave that determines the time interval until the jet decays into drops. Rayleigh has obtained also equations determining the rate of growth of small axisymmetric disturbances (and the corresponding time of breaking tb) in the cases of a nonviscous fluid jet in gas (12, 13) , a substantially viscous fluid jet in gas (14) , and a gas in nonviscous fluid (15) . Further, the cases of decay of a viscous fluid jet gas (16) , a viscous fluid let in a viscous medium (17) , and a nonviscous fluid jet in a nonviscous medium (18) have been studied as well. The analysis cylindrical jet stability in the case of low injection rates was recently carried out in general form by means of numerical methods (19) . On the basis this analysis it proved possible to delineate clearly the region of applicability for each of the previously considered limiting cases. This analysis also made it possible to obtain correlations between the parameters that characterize jet decay in liquid-gas and liquid-liquid systems, (e.g., the rate of growth and www.annualreviews.org/aronline Annual Reviews the length of wave leading to jet decay) and the physical properties (viscosity, density, interphase surface tension) of these systems.
The essential limitations in the studies mentioned above are: (a) the ratio of the amplitude of the initial disturbance to the jet radius is small, and all terms of higher than first order in this variable may be neglected in the equations of motion; (b) the moving jet is unaffected by any dynamical forces from the external medium. Recently (20) the nonlinear theory liquid jet capillary instability was developed, which accounts for terms of third order of smallness in the dimensionless amplitude of the initial disturbance. It was proved that though the limiting stage of the jet decay is determined, just as in the linear theory, by the rate of growth of the disturbance with wavelength X ~9a (a being the undisturbed jet radius), the threshold wavelength, which begins to give rise to the instability (all the longer waves being subjected to it) is substantially less than the corresponding value in the linear theory.
In the case of high injection rates the dynamical influence of the external medium comes into play and affects the process of jet decay, together with the capillary forces. This influence may manifest itself, for example, in diminishing of the pressure on the crests of surface waves as compared with the pressure in their troughs, caused by relative motion of the external medium and the liquid on the jet surface. (If jet injection into an ideal gas is considered, the above statement follows immediately from the Bernoulli equation.) Besides, the external medium may cause substantial tangential stresses on the jet surface, which are due to viscous effects. The effects listed above may give rise to an essentially new picture of jet breaking as compared with the case when only capillary forces are present. Experiment shows that the decay of a jet into a few large drops in the case of low injection rates is replaced by the process of breaking into a conglomerate of very small droplets when the injection rates become sufficiently high. (The process described is called jet spraying.) An approximate theory of jet spraying, based on the model of injection into ideal gas, was developed in (4) . It was shown in particular, that if the velocity uo of a jet flowing from a nozzle satisfies the condition (27r~r/Poa)a12<<Uo<<(a/#~)(p~/po) 1/~, where #t is the liquid viscosity and p, and Po the liquid and gas densities, then the jet breaks up into small droplets; their linear dimension (in order of magnitude) will be r.~r/poUo~, the time of breaking rb being determined by the approximate expression rb = (a/uo) (pt/po) ltd. The length of the continuous part of the jet in this case proves to be independent of the injection rate and exceeds the nozzle radius in the ratio (p,/pa)~1 2. If the fluid viscosity ~e is substantially large, so that (pt/po), 11~ then there is no jet breaking. In this latter case the jet breaks up into large drops (as when the dynamical influence is absent) having dimensions of several nozzle radii; the length of the continuous part of the jet increases with increasing viscosity, namely l ~Izt/pouo. When the viscosity has intermediate values, that is, u0 ~ (~//~)(pt/po) 11~, there is again no breaking, but the time interval for jet decay into large drops coincides, apart from a www.annualreviews.org/aronline Annual Reviews numerical factor of order unity, with the time of breaking, and the dimension of the drops produced is determined only by the nozzle radius, exceeding the latter approximately eight times.
Capillary waves on the surface of a drop.--If the shape of a drop departs from spherical under the influence of some external agents (for example, as a result of jet decay, sudden increase of external gas flow velocity, etc.), then capillary waves arise on the surface of the drop, these waves being caused by the presence of surface tension. Rayleigh (21) was the first to solve the problem of the normal modes of an ideal liquid drop vibrating in an immobile gas medium. This problem was extended further to account for fifiite density of the external medium (17) , and also for the effects of viscosity leading damping of the normal modes (22) . It was shown in particular that the effective damping decrement/~ equals ~=a~/(8v+3v ') where a is the mean drop radius, and v and v~ are respectively the kinematic viscosities of the external and internal regions of the drop (20) . Investigation of the influence of surface tension upon the process of breaking of large drops (drops moving in the gas flow at high Reynolds number) is of great interest.
One encounters this process very often in practice (for example, the motion of drops in extraction plate columns, in internal combustion engines, etc.). In (4) the following hypothesis concerning the mechanism of breaking was put forward. The liquid inside the drop is carried by the exterior gas flow because of the presence of viscous forces. The internal motion, which is vortical or possibly turbulent, creates a dynamical pressure gradient directed from within the drop. When the Weber number W becomes sufficiently large, this pressure may exceed the capillary pressure (which keeps the drop surface in equilibrium). As a result, unstable oscillations of the surface may arise, and lead finally to breaking of the drop. The problem of drop surface vibrations (when the drop is in potential gas flow) was solved on the basis of the aforementioned hypothesis in (23) . It proved possible also to calculate the shapes normal modes of the drop and to determine the critical Weber number W,T at which these vibrations become unstable. The value found of Wor = 2.5 is in good agreement with available experimental data.
Motion induced by variable surface tension.--Variation of surface tension from point to point on a mobile phase boundary gives rise to tangential strain on this boundary surface. According to the boundary condition of Equation 4 , the presence of tangential strain on the interface must be accompanied by convective motion, which must take place in at least one of the phases. Hence if the liquid-gas or liquid-liquid system was initially at rest and then for some reason (e.g., as a result of heat and mass exchange) a gradient of surface tension appeared on the phase boundary, or even on a little piece of it, then convective currents will inevitably arise also in the system. The motion induced by tangential gradients of surface tension is customarily called the Marangoni effect (after one of the first scientists to give an explanation of this effect). If the system was initially in a state of mechanical motion, then the appearance of an inhomogeneity in the diswww.annualreviews.org/aronline Annual Reviews tribution of surface tension leads to a variation (sometimes rather substantial) of the original regime of motion. We shall consider below some particular examples where varying surface tension affects the hydrodynamics.
Drop motion in the presence of a constant volume gradient of the concentration of surface-active substance.--As an example of motion induced by variable surface tension one may quote the motion of a drop in liquid containing a dissolved surface-active substance with an inhomogeneous distribution of volume concentration (24) . Let us assume that the given concentration gradient dc/d~ of the surface-active substance is kept constant in the external liquid volume, and let us take the direction of this gradient to be the polar axis z, which starts in the center of the drop. Then it can easily be shown that the distribution of surface tension considered as a function of the polar angle 0 will have the following form
here a is the drop radius, 6a is the thickness of the diffusion layer, averaged over the whole drop surface, v0 is the velocity of drop surface motion on the equator (at 0=v/2), ~0 ~s the equilibrium surface concentration of the surface-active substance, and D is the diffusion coefficient of the latter within the external liquid volume. If one solves further the system of Navier-Stokes equations for the regions exterior and interior to the drop, using the boundary conditions of Equations 3 and 4, together with continuity properties of the tangential velocity components and the annulling of the radial ones, one may obtain the following expression for the velocity U of the drop center o~ dc
(a + ~) ~
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Here ~ and ~' are the dynamic viscosities of the external medium and the drop, respectively. Equation 8 was obtained by neglecting gravity forces. But if the drop moves in a gravitational field and surface-active substances are simultaneously adsorbed on its surface, then the velocity of motion will differ from the falling velocity in the pure liquid. This effect, as in the problem considered above, is caused by an inhomogeneous distribution of the surface-active substance over the drop surface. Falling of drops in liquid media in the presence of surface-active substances (25) .~The problem of taking account of the influence of surface-active substances on the motion of drops and bubbles in liquid has arisen in connection with significant deviations from the Hadamard-Rybczinski formula (4) observed experimentally in the case of motion in pure liquids at small Reynolds numbers. It is quite evident from the physical point of view that, since surface-active substances usually diminish the surface tension, and because as a result of convective drift by drop motion there are fewer adsorbed www.annualreviews.org/aronline Annual Reviews particles in the frontal part of the drop than at its rear, there must arise a gradient of surface tension, parallel to the direction of motion of the drop center, from the rear part of the surface towards the front stagnation point. This means that an additional tangential force should arise on the drop surface, which will retard the surface motign and hence the motion of the whole drop. A quantitative description of this effect was performed by simultaneously solving the Navier-Stokes equations for regions exterior and interior to the drop with boundary conditions as in Equations 3 and 4, using three different hypotheses concerning the mechanism of exchange of surfaceactive substance between the drop surface and the bulk of the solution, namely: (a) the exchange is limited by the rate of the adsorption-desorption process; (b) the exchange is limited by the rate of volume diffusion; (c) exchange is limited by the rate of surface diffusion. As a result the following general expression for the velocity U of the stationary drop motion was obtained:
here p~ and p are the densities of the internal and external liquids, while the quantity ~ [called in (25) the retardation coe~cient] depends upon the particular exchange mechanism. In particular, if the delivery of the sur[aceactive substance from the external medium onto the drop surface is limited by the rate of the adsorptlon-desorption process, the coe~cient 7 is determined by the formula where c0 is the equilibrium concentration of the surface-active substance in the volume of solution, and P(~) and Q(F) are the rates of adsorption desorption, respectively. In the case when the limiting stage of delivery is represented by convective diffusion, we have
where, exactly a~ in Equation 8, 8a means the thickness of the diffusion boundary layer averaged over the surface. Finally, in the case of an insoluble film of surface-~ctive substance, when surface diffusion is the only mechanism for equalizing the concentration along the surface, ~ is given by the expression 2a~0 Oṽ ~ v~12.
3D, 0r
It follows from Equations 9-12 that surface-active substances that diminish the surface tensio~ act so as to retard the motion of drops, and in the limiting case ~>~ may cause effective "solidification" of drops since in this case Equation 9 goes over into the well-known Stokes formula.
We note that a surface-tension gradient may arise not only from adsorpwww.annualreviews.org/aronline Annual Reviews tion of surface-active substances on the drop surface. A gradient may also be determined by the heat exchange process taking place between the drop and the surrounding medium, because g depends upon the temperature. The motion of drops and bubbles in liquids with inhomogeneous temperature distribution was investigated theoretically in (26) . It was shown, in particular, that in the case of small Reynolds numbers but large thermal Peclet numbers (Pe~pq,aU/~))l, where c~ and ~ are respectively the specific heat and heat conductivity of the external medium) the velocity of drop motion is expressed by Equation 9 where 3' should be equal to 2~,T f 02 with ~ being the average thickness of the thermal boundary layer. In (26) the case of small Peclet numbers (Pet<(1) was also considered, for which convective heat transfer may be neglected. It was shown that the change of velocity caused by the inhomogeneous temperature distribution near the surface of the drop is proportional to the quantity (T/3~)(O~r/OT) 2 taken at the temperature of the solution volume.
Thermocapillary motion in a two-dimensional channel.--As was pointed out above, motion may be induced by an inhomogeneous temperature distribution on the phase-boundary surface, and it is common to call motions of this type thermocapillary ones. Let us consider, as a simple example of thermocapillary motion, the motion of liquid in a rectangular cuvette, with two walls located at x--0 and x=L maintained at constant but different values of temperature T~ and T2 respectively, while the other pair of walls is separated by a distance much greater than L. Let us direct the y-axis perpendicular to the bottom of the cuvette (taking the bottom as the x, plane), and the x-axis along the temperature gradient, with h(x) denoting the local level of the liquid poured into the cuvette. Because there is a temperature gradient on the liquid surface, there must be a gradient of surface tension as well, and this should lead, according to Equation 4 , to the appearance of convective motion. Motion in the ~-directiou may be neglected in view of the large breadth of the cuvette. The problem of the velocity distribution in such a system was solved in (4) under three assumptions: (a) depends linearly upon x; (b) the thickness h of the liquid layer is independent of x; and (c) gravitational forces are absent. Recently (27) the solution this problem was obtained in general form, involving none of the assumptions mentioned above. However, concrete results were found only in two particular cases:
(a) the liquid flux per unit length of the cuvette
where U(x, y) is the velocity along the x-axis, is equal to zero in any section of the channel; and www.annualreviews.org/aronline Annual Reviews Surface-tension-driven phenomena and mass transfer.~The problem cons idered above may be applied to the investigation of the corrosion mechanism in metals covered by a~ electrolyte film. The rate of the corrosion process (which represents in fact the process of air oxygen reduction occurring on the metal surface) is controlled by the diffusion of atmospheric oxygen through the electrolyte film. I~ the film is heated inhomogeneously, thermocapillary convective c~rre~ts should arise ia this film, these currents being analogous to those considered above. They will affect the velocity of oxygen molecule transport toward the metal surface. www.annualreviews.org/aronline Annual Reviews
The independence of the reduction rate from the film thickness in the case of large Peclet numbers that is predicted by Equations 19 and 20 is really observed in experiments (28) . The presence of a surface-tension gradient may be of importance in the determination of the rate of solution of solid surfaces in liquid films (including the case of forced motion) if the films contain surface-actlve substances capable of adsorbing on the liquid-gas boundary. In this case the gradient of surface tension is directed opposite to the film motion, leading in this way to retardation of the latter and, accordingly, to diminution of the mass transfer (29) . There are some processes of chemical engineering (reactificafion, absorption, liquid extraction) where the rates of mass transfer observed on liquid-gas and liquid-liquid boundaries appear to depend essentially upon the concentration of surface-actlve impurities that are present in one or both phases (30) . In some cases, as for example in mass transfer in moving drops and bubbles (31) and also in mass transfer in films (32), the effect of surfaceactive substances may be investigated quantitatively.
The reader can find in (33) an extensive review of available experimental data (together with their quantitative interpretation) concerning the influence of surface-active substances on mass transfer in the processes of rectification, extraction, and absorption.
The influence of surface tension on the hydrodynamical stability of mobile interphase boundaries.--Investigation
of the stability of mobile interphase boundaries under the effect of disturbances of different kinds is of great practical importance. The occurrence of unstable regimes of flow may lead, for example, to jet decay, to the breaking of moving drops and bubbles, and to other effects.
As was pointed out above, surface disturbances may be caused by a variety of quite different effects, including, for example, the dynamical influence of the gas flow on the liquid, the processes of heat and mass exchange (which lead to local inhomogeneities of surface tension), and other reasons. In some particular cases quantitative criteria may be stated for the occurrence of instability.
In what follows we shall concentrate on two cases of such instability where the effect of surface tension manifests itself.
The stability of deep liquid in contact with gas flow.--Recently (34) a study was performed of the stability of the interface dividing infinitely deep liquid and an isentroplc flow of compressible gas. It was established that the conditions for the occurrence of instability depend essentially upon the value of the Mach number M. In supersonic regions of gas flow (21¢ > 1) the surface of an ideal liquid is always unstable (surface tension as well as the gravity force produces no stabilizing effect on surface disturbances).
On the other hand, the stability of the surface of a v~scous fluid in this case depends strongly upon the direction of the gravity force; namely, if the latter is directed towards the interior of the liquid, then the surface is always stable. On the contrary, if this force acts in the opposite direction, only those diswww.annualreviews.org/aronline Annual Reviews turbances are damped that have wavelength k not exceeding some critical value ),or (kcr being determined by the Mach number and also by the physical properties of the fluid). In subsonic regimes of gas flow (M ~ 1) the condition for stability of the interface, in the cases of both ideal and viscous liquid, is determined by the direction of the gravitational force. If the latter is directed from gas to liquid, then the combined stabilizing action of gravity and capillary forces results in damping of disturbances having wavelengths outside of a definite interval. If, however, the gravity force is directed towards the gas, then the only stabilizing factor is represented by the surface tension. In this case, as in the case of M > 1, all disturbances with ~__<~'cr are damped, whereas disturbances with X >~,cr increase without limit in the course of time, thus leading to an unstable flow regime.
Hydrodynamical instability due to the Marangoni effect.--Numerous experiments demonstrate that if two phases (liquid-gas or liquid-liquid) which are at rest initially are brought into contact and there begins a heat and mass exchange between the phases, then after some time circulation currents arise on the interphase boundary and the adjacent areas of both phases. The spatial distribution of these currents is represented by a periodic cellular pattern with the direction of motion of liquid particles being the same within each cell (35) . This cellular pattern appears also on the interface, and very often the surface does not remain flat but waves arise on it (36). The spontaneous motion arising near the interphase boundary (where heat and mass exchange are taking place) becomes unstable in character under definite conditions, and is accompanied by normal and tangential pulsations of the interface; these pulsations sometimes give rise to local breaking of the interface (37) , to emulsification (37, 38) , and to other interesting hydrodynamic effects. These effects, being induced by processes of heat and mass exchange, affect in turn the kinetics of the processes mentioned above. Actually, as a rule, this back influence is expressed in considerable intensification of the heat and mass transfer (38, 39) . According to the commonly accepted point of view, the source of the spontaneous hydrodynamic fluxes mentioned above is local gradients of surface tension, which arise in different areas of the interface because of fluctuations of temperature and concentration distributions. As was pointed out above, any local change in surface tension inevitably causes motion of the liquid in the surface layer (Marangoni effect). The initial motion, no matter how small and localized in a small region, may, under definite conditions, develop in due course into the large-scale motion that is usually observed in experiments. The theoretical interpretation of the spontaneous current induced by heat transfer was given for the first time in the article (40) . The author considered the problem of a horizontal liquid layer of thickness d, bounded from above by a semi-infinite nonviscous medium, and from below by an irregularly heated solid surface. He assumed also that the surface tension a varies with the temperature T asa =a0(1--aT) and the coefficient of heat transfer from the free surface is constant all over www.annualreviews.org/aronline Annual Reviews the surface; under this assumption the conclusion was reached that there exists a so-called "critical Marangoni number" where (OT/On), is the value of the temperature derivative along the normal to the surface in the absence of convection. When the number N~ >80, the hydrodynamical disturbances induced by heat transfer with wavelength satisfying the condition X.>3d, are unstable, a, nd in principle it is possible that the cell picture of the motion will establish itself in this case. Later, in (41), the stability was investigated of the flat boundary between two semi-infinite viscous media that exchange a chemically inert substance. In (41) was found for the first time the dependence of the condition for instability upon the direction of mass transfer. Thus, according to the results of (41) instability arises only when the substance goes from the phase having the higher value of kinematic viscosity into the phase having the lower one, or when the substance goes from the phase with lower diffusion coefficient into the phase with the higher one. (In both cases the system is stable if the direction of mass transport is the opposite.) The criterion for instability is independent of the direction of mass transfer only in the case that one phase has a kinematic viscosity as well as a diffusion coefficient higher than the other phase. Later (42) the effect of capillary waves arising on the surface a heated horizontal liquid layer of thickness d was investigated (this effect being induced by heat transfer), and it was shown that the criterion for instability caused by disturbances with small wavelength (~ <d) involves not the Marangoni number Nu [which was introduced in (40)], but the dimensionless combination N~,=~,K/q,crod. Recently in (43) the problem considered in (40) and (42) has been solved in its most general form, capillary and gravitational forces, as well as the finite thickness of both phases, being taken into account. It was found that instability in respect to arbitrary wavelengths may arise only at a definite "critical" Marangoni number, which depends upon the thickness and physical properties of the phases put in contact as well as upon the absolute values of the criteria Nor and No = (01--p~)gd12/O'o (the subscripts 1 and 2 referring to the heavier and lighter phases, respectively).
Finally, the article (44) should be mentioned, where a study was made of a flat interface in respect to disturbances due to mass transfer (in the presence of chemical reactions in one of the phases). This analysis showed that the stability of the surface depends very strongly upon the rate constant of the chemical reaction. The stability criterion, which is analogous to the Marangoni number, proves to be a discontinuous function of the rate constant k, and this discontinuity takes place at the point k = 0. This means that even in the case of very small k a system that is stable in the absence of a chemical reaction becomes unstable if the reaction exists. Such a conclusion is confirmed quantitatively by some of the available experimental data (38) .
The motion in thin liquid films.--A special case of flow where capillary forces play an essential role is represented by the flow of thin liquid films.
www.annualreviews.org/aronline Annual Reviews Thin films of liquid moving along a solid surface are rather often encountered in practice. Many processes of chemical engineering, such as film rectification, absorption in packed columns, etc., involve the film regime. Film flow takes place also when solid flows pass through porous layers in porosimetry, etc. Thin moving liquid films are applied for purposes of cooling of heated surfaces, for carrying out electrochemical reactions in gas diffusion electrodes, and in many other systems. The examples enumerated above are sul~iclent to explain the tremendous importance of theoretical as well as experimental investigation of film flows. The experimental data so far available are related mainly to the flow of liquids down inclined or vertical walls. It was found (45) (46) (47) (48) (49) , that there exist three different regimes of film flow: the waveless one which is realized for Reynolds numbers Re not exceeding 10 to 20 (here Re = a~/v where a and ~ are the average values of film velocity and thickness), the wavy one taking place for Re>,~20, and the turbulent one. The frontier between the wavy and turbulent regimes cannot be considered as strictly determined. We shall concentrate below on the first two regimes, because this is where the capillary forces manifest themselves most clearly.
The influence of surface-active substances on the hydrodynamics of waveless . flow of thin liqu~dfilms.--If the liquid that constitutes the film contains dissolved surface-active substances capable of adsorbing on the liquid-gas interface, then the film-flow regime may differ substantially from the regime that would take place in the case of pure liquid. This is due to tangential stresses arising in the course of adsorption. Let us suppose, for example, that a liquid film containing surface-active substance is formed in the opening of a twodimensional rectangular channel and flows along an inclined flat surface under the action of gravity. Evidently in the absence of an influence of the external medium (gas), that part of the film surface situated near the opening will be free of tangential stress, because adsorption of the surface-active substance proceeds at a finite rate and hence can affect only areas that are sufficiently aged, i.e., removed far enough from the opening. Thus, the surface concentration of adsorbed substance will increase downstream due to convective motion. Since, as a rule, surface-active substances diminish the surface tension, adsorption will produce a gradientof surface tension, directed opposite to the motion of the film. This means that there should arise a retarding force on the film surface; because of viscosity effects, this force will retard the film as a whole. The influence of surface-active substances on the hydrodynamics of waveless flow of thin liquid films was investigated in detail in (50, 51) . It was found that the retarding effect of a surface-actlve substance depends essentially upon the limiting stage of the exchange process for this substance which takes place between the surface and the bulk of the film.
The theory of films remaining on surfaces of bodies withdrawn from liquids. --The problem of determining the thickness of the film that remains on the wetted surface of a solid withdrawn from liquid at rest is of great practical www.annualreviews.org/aronline Annual Reviews interest in connection with the estimation of the accuracy of viscosimetric and porosimetrlc measurements, the elimination of possible mistakes in quantitative chemical analysis, and other problems. In withdrawal of the solid from the liquid a thin film remains on the solid surface. Drift of the liquid with the solid surface is caused by viscous and capillary forces. Simultaneously, the gravity force acts on the drifting film, and makes the liquid flow down the surface. Suppose that the body being withdrawn is represented by a flat plate moving vertically upwards with constant velocity u0. If we direct the x-axis upwards and take the horizontal level of liquid in the reservoir as the origin, then in order to determine the thickness h(x) of the film remaining on the plate surface, it is necessary to solve the following equation
with the boundary conditions:
where The system of Equations 21-24 was solved in (52) for the case of rather small velocities of withdrawal (u. <a) and in (53) for the case of rather large (u0~ >> a). The following expression for the limiting film thickness h0 (as goes to infinity, x~ ~) was obtained for small velocities
In the other limiting case the film thickness appeared to be ho = ~uo/~g) 26.
The case of intermediate velocities (u0~ 2a) was also studted. (54) . In addition, the laws governing the variation of the thickness of the film remaining on the surface of a thin fibre have been investigated (55, 56) .
www.annualreviews.org/aronline Annual Reviews
The stability of.free thin liquid films.--Among systems of the liquid-liquid type a special place is occupied by those where one of the phases, being in dispersed condition (as a system of drops or bubbles), is contained in rather large concentration in the other phase. Such systems are rather often encountered in chemical engineering (the foam regime in bubbling plate columns, emulsification in extraction columns, etc.). To investigate the hydrodynamics of such systems the solution of the following problem is of great importance. Specifically, we must know about the stability of a thin liquid film, surrounded by a liquid or gaseous medium on both sides, in respect to spontaneous deformations of the film surfaces. The problem of free-film stability belongs to the central and yet unsolved ones in colloid chemistry (57) . There are many articles (58) (59) (60) (61) devoted to the experimental investigation of the stability of thin films of pure liquids and electrolyte solutions with surface-active substances. In particular, it was found that there exists a critical thickness (usually of the order of magnitude of some hundreds of angstroms) when spontaneous breaking of the film occurs. This critical thickness depends upon surface tension and also upon the concentration of electrolyte ion, as well as upon the surface-active substances, but is completely independent of viscosity. An analysis of free-film stability in respect to thermal fluctuations of the surface shape, with account taken of both capillary and inter-surface forces (the latter being the electrostatic repulsive forces arising from the presence of double electric layers and van der Waals attractive forces) was carried out in (62) . The essential assumptions used this article were that the disturbance wavelength greatly exceeds the average film thickness, and that the liquid flow in the film may be described by the macroscopic hydrodynamic equations (though the film thickness is microscopie). To simplify the problem, the author neglected the tangential motion on both surfaces of the film, and obtained an expression for a critical wavelength such that all longer disturbances lead to unstable flow regimes. The corresponding critical thicknesses of the films calculated for the model of pure van der Waals interaction proved to be approximately 1.5 to 1.8 times greater than the experimental ones. This was explained by the author as caused by the presence of additional destabilizing factors not accounted for in the theory, in particular the Marangoni effect. Since the theory developed in (62) permits one to explain qualitatively another important observable effect--the diminishing of the critical thickness with increasing electrolyte concentration--we regard this theory as the one that deserves further development.
Wavy motion of.falling liquidfilms.--The wavy regime of flow of a liquid film down a solid surface serves as an object of intensive experimental and theoretical study, which is mainly connected with the fact that this regime is realized in many types of chemical industrial apparatus (film reactors and absorbers, packed columns, etc.). The waves contribute to intensification of the mass exchange between the film and the adjacent external phase by www.annualreviews.org/aronline Annual Reviews creating additional mixing of the liquid in the film and increasing the phase contact surface. According to data now available (63) the increase of masstransfer coefficient in the processes of film rectification and absorption due to wave formation may reach 50 per cent or more.
The first attempt to create a qualitative theory of wave motion of thin liquid films was undertaken in (64) . The main premise on which the theory was based involves the smallness of the average film thickness compared with the wavelength. This assumption allowed the author to use the system of boundary-layer equations to describe the velocity field in the film. The solution of this system was found in the form of an undamped periodic Nusselt profile, with average velocity depending upon the coordinate in the direction of motion. An expression was obtained for the form of the film surface with an accuracy of small terms of second order with respect to the ratio of wave amplitude to average film thickness; further, the parameters of the waveflow regime were calculated using the hypothesis that the dissipated energy is minimal. The results obtained theoretically are in satisfactory agreement with some experimental data (49, 65) , especially in the case of small flow rates. When the flow rate is increased, some noticeable deviations from the theory begin to be observed. Thus, for example, the wavelength ceases to decrease monotonically with growing flow rate and, having passed through a minimum, begins to increase (49) . Besides, a decrease of wave celerity observed when the flow rate increases, whereas according to the theory (64) it should remain constant.
Among the studies of film-flow theory appearing after the work (64) a special place is occupied by those devoted to an investigation of the stability of different types of laminar regimes with respect to small disturbances of the film surface (66) (67) (68) (69) (70) (71) (72) (73) (74) . The basic conclusion in all these studies is that all disturbances having sufficiently large wavelengths (compared with the average film thickness) grow as the flow goes down, and the rate of this growth increases with Reynolds number. Within the framework of nonlinear perturbation theory (75) (76) it has been shown that special (so-called optimal) wave regimes exist, which are stable with respect to a perturbation with parameters close to the original wave flow. Optimal flow regimes correspond to the minimal average film thickness if the flux of liquid is given (73) . rather strong stabilizing influence on the development of small disturbances of the film surface is produced by surface-active substances--impurities that are present in the liquid (72) (73) (74) . Some studies deal with the stationary wave regimes of film flow. In particular, the case of infinitely large Weber numbers was considered (77) and an attempt was undertaken to account for the nonparabolic character of the velocity distribution across the film thickness (78) . The theory of wave film flow in the regime of upward motion with a co-current stream of turbulent gas was developed in (79, 80) . The parameters of standing waves arising on a falling film due to an upward countercurrent stream of gas were calculated (81) , and the effect of the damping www.annualreviews.org/aronline Annual Reviews capillary waves by surface-active substances was investigated (82) . In (83) a method was proposed for calculating the parameters of wavy film flow in the case of arbitrary wavelengths (not necessarily large compared with the film thickness).
Within the framework of a linearized system of NavierStokes equations, the authors demonstrated the possibility of the existence of circulation fluxes inside the film. Such fluxes (with opposite directions of circulation under the crests and troughs of waves) were foreseen in (64) the basis of qualitative arguments, and further, remaining within the framework of the theory (64), the fluxes were calculated quantitatively and used interpret the experimental data (84) . It should be pointed out, however, that the analysis carried through in (83) is based on an intrinsically inconsistent system of equations and boundary conditions. These inconsistencies become quite evident in detailed consideration of the exact system of equations of motion and boundary conditions for film flow. Actually, on the film surface that is in contact with gas, the boundary conditions of Equations 3 and 4 must be satisfied.
Let us write down these conditions as applied to a film of thickness h(x, t) that flows down the vertical plane y = 0 (the y-axis being directed toward the liquid, and the x-axis vertically downwards), which is in contact with a gas at rest (the pressure in this gas being taken equal to zero). We obtain from Equations 3 and 4 the following bounda(y conditions where hmax and h0 are the maximum wavelength and that averaged over the film thickness, the boundary conditions for the normal and tangential stresses on the surface of a falling film are of the form p+g~+2g ~Oy =0 27a.
3u Oṽ -~-~ -u~ = 0 28a.
Oy Ox Ox
In (83) has the same order of magnitude as all the other terms, and there is no reason to put it separately equal to zero as was done in (81) . Summing up, it should be stated that the theory of the wave motion of thin liquid films is su~ciently well developed so far only for the case of wavelengths rather long compared with the average film thickness (75, 76) . To solve the problem correctly for arbitrary wavelengths, an approximate method may be applied, analogous to the moment method in the theory of the laminar boundary layer (85, 86) . Let us approximate the local profile u(x, y, t) by the sequence of functions
un(x, y, t) = ~ B~(~)~33.
where ~x-ct, c is the celerity, and the B~(~) are unknown functions, which for every fixed n may be defined in the following way. Let us find from the continuity equation 30 the function vn v~(x, y, t) dB~(~) =-" 34.
It is easily seen that the functions in Equations 33 and 34 are automatically zero on the solid wall (i.e., y=0). We now substitute Equations 33 and into Equation 32 and integrate the latter over y from some arbitrary value y up to y=h. Then using the boundary condition (Equation 27) we find the distribution p(x, y, t) and substitute this distribution together with the expressions of Equations 33 and 34 into Equation 31 . Having done this, we obtain an equation containing (n+2) unknown functions B0(~), Bt(~)... B~(~) and h(~). The closed system of (n+2) equations needed in order find these functions we obtain by multiplying Equation 31 suceessively by www.annualreviews.org/aronline Annual Reviews 1, y, y~... y~-i and integrating further the result with respect to y from y--0 to y=h (which yields n equations); we have to use also the boundary condition (Equation 28 ) and the condition of microscopic substance balance in the film oh ~foh~ay = 0-~ + 0 35.
In problems of laminar boundary layers, the method of moments is, as shown in (87), equivalent to Galerkln's direct variational method. That why we have every reason to suppose that in the method described above the sequence of approximate solutions ul, u~... un corresponding to the laminar flow regime will converge, as the number n increases, to the true solution of the problem. With modern computers, obtaining arbitrary approximations does not constitute any difficulty in principle. The procedure described above was carried through analytically in (88) for n= 1 (that in the approximation of a local parabolic velocity profile). The parameters of the periodic wave regime were calculated with an accuracy of first order in the parameter A. It was shown, in particular, that the wavelength and celerity of waves are monotonically decreasing functions of the Weber number W= Uo~hop/o ", where U0 is the velocity of the falling film averaged over the film thickness and over a wavelength. The ratio of the wavelength to the capillary constant (~r/pg) t/2 goes through a minimum as W increases and the position of this minimum is displaced towards lower values of W as compared with the analogous dependence prescribed by the previous theory (83) . The results obtained in (88) are in satisfactory quantitative agreement with available experimental data (49, 65, 83) . These results point out the possibility in principle for the circulatory flows mentioned above to exist. However the particular conditions under which such fluxes arise, and their hydrodynamical characteristics, may be predicted only on the basis of the exact solution of the problem, obtained without using the assumption of small amplitude.
The motion of thin l~quid films induced by the Marangoni effect.--Capillary phenomena produce a considerable influence on the rate of electrochemical processes that take place in porous electrodes. In order to investigate the mechanism of electric current generation in gaseous porous electrodes, socalled semi-immersed electrodes had wide application in recent years. Numerous experiments demonstrate that there is a thin film of electrolyte over the meniscus in such an electrode, this film being of thickness 1~* cm and of length 1 cm (in order of magnitude). In (89) was advanced the supposition that inside these thin films there should be an electrolyte motion, which is induced by the gradient of surface tension. The latter arises from variations of the solution composition of temperature along the film. The variation of solution composition in systems with open circuits may be caused by evaporation o~ the solvent, but in systems with closed circuits such a www.annualreviews.org/aronline Annual Reviews variation is connected with the presence of an electric current. The theory developed in (89, 90) provides a description of the pattern of motion and the form of the film on the surfaces of semi-immersed electrodes. The theory agrees satisfactorily with available experimental data. Conclusion.--In this review we have been concerned with the main problems of capillary hydrodynamics. As the reader may see from the above, these problems are solved so far only in some of the simplest cases. Further progress in this field may be achieved on the basis of more extensive use of numerical methods, and simultaneous refinement in measuring technique.
